Successive activation of Wnt4 and Notch2 generates nephrons from the metanephric mesenchyme. Mesenchymal-to-epithelial transition requires Wnt4, and normal development of the proximal nephron (epithelia of glomeruli and proximal tubules) requires Notch2. It is unknown, however, whether Notch2 dictates the fate of the proximal nephron directly. Here, we generated a mutant strain of mice with activated Notch2 in Six2-containing nephron progenitor cells of the metanephric mesenchyme. Notch2 activation did not skew the cell fate toward the proximal nephron but resulted in severe kidney dysgenesis and depletion of Six2-positive progenitors. We observed ectopic expression of Wnt4 and premature tubule formation, similar to the phenotype of Six2-deficient mice. Activation of Notch2 in the progenitor cells suppressed Pax2, an upstream regulator of Six2, possibly through Hesr genes. Taken together, these data suggest that a positive feedback loop exists between Notch2 and Wnt4, and that Notch2 stabilizes, rather than dictates, nephron fate by shutting down the maintenance of undifferentiated progenitor cells, thereby depleting this population.
The mammalian kidney, the metanephros, is formed by reciprocally inductive interactions between two precursor tissues; namely, the metanephric mesenchyme and the ureteric bud. Glial cell line-derived neurotrophic factor (Gdnf) is secreted by the mesenchyme and attracts the ureteric bud toward the mesenchyme. [1] [2] [3] The attracted ureteric bud in turn secretes Wnt9b and induces the mesenchyme. 4 Upon this induction by the ureteric bud, mesenchymal cells secrete Wnt4, which plays an essential role in the mesenchymal-to-epithelial transition. 5, 6 The mesenchyme sequentially forms condensates, renal vesicles, C-and S-shaped bodies, and terminal epithelia of the glomeruli and renal tubules.
A previous report retrospectively suggested the presence of multipotent cells in embryonic kidneys, after demonstrating that cells in several portions of the nephron were derived from single stem cells by using LacZ gene transduction with a retrovirus into single mesenchymal cells. 7 We prospectively proved this concept by establishing a novel colony assay. When we plated dissociated mesenchymal cells at a low density onto feeder cells stably expressing Wnt4, single cells formed colonies consisting of several types of epithelial cells that are found in glomeruli and renal tubules. 8 We further found that only cells strongly expressing Sall1, a zinc finger nuclear factor expressed in the metanephric mesenchyme and essential for kidney development, formed colonies. 8, 9 Therefore, multipotent progenitors of nephron epithelial cells do exist and reside in the Sall1-high population of the mesenchyme. 10 Nephron progenitors have also been shown to express another transcription factor, Six2. Kobayashi et al. 11 marked Six2-positive cells using Six2Cre, a mouse strain expressing Cre recombinase under the control of the Six2 promoter, and they demonstrated that Six2-positive mesenchyme does indeed give rise to epithelia of the glomeruli and renal tubules of the nephron in vivo. Because Six2 is expressed in Sall1-high mesenchymal cells, the Sall1-high and Six2-positive mesenchyme may represent a nephron progenitor population in the embryonic kidney. 12 Six2 is expressed in the undifferentiated mesenchyme that caps the ureteric bud (dorsal side of the ureteric bud), and its expression pattern is reciprocal to that of Wnt4, which is expressed near the ureteric stalk (ventral side). Wnt4 is upregulated in the dorsal portion of the mesenchyme in Six2-deficient mice, and the mice exhibit ectopic and premature tubulogenesis, 13 suggesting that Six2 is required to maintain the undifferentiated progenitor population by opposing Wnt4-mediated epithelialization.
Six2 expression is regulated by the Pax2/Eya1/Hox11 complex, and the binding sites for this complex are present in the Six2 proximal promoter, which is essential for Six2 expression in the mesenchyme in vivo. 14 Six2 expression is reduced in mice lacking each of the complex components, whereas crossing of these mutant mice revealed physiologic significance for the interactions among the complex components. 14, 15 Therefore, the Pax2/Eya1/ Hox11 complex appears to be a bona fide regulator of Six2 in vivo. This complex also regulates the expression of Gdnf, which is essential for ureteric bud attraction. 14 Six2-positive nephron progenitors differentiate into epithelia upon Wnt4 stimulation, but a fate decision is required for further differentiation toward glomerular podocytes or proximal and distal renal tubules. Notch2 is required for the differentiation of proximal nephron structures (podocytes and proximal tubules), because mesenchyme-specific Notch2 deletion in mice leads to impaired formation of these proximal structures. 16 -18 Although proximodistal polarity is still initiated in the absence of Notch2, Notch2 is essential for the final establishment of the proximal nephron fates. In humans, Notch2 haploinsufficiency causes Alagille syndrome, which is associated with renal abnormalities. 19 Interestingly, endogenous Notch1 cannot compensate for Notch2 deficiency in mice, although Notch1 activity is present in the kidney, and increases in its activity enhance the formation of proximal tubules at the expense of podocytes and distal nephrons. 18 To gain insights into Notch2 functions, we generated mice with activated Notch2 in Six2-positive nephron progenitors. Interestingly, Notch2 activation did not specify the proximal nephron fate but instead caused progenitor depletion by shutting down the Six2-mediated program for progenitor maintenance.
RESULTS

Generation of a Mouse Strain Allowing Notch2
Activation in a Cre Recombinase-Dependent Manner By using homologous recombination in embryonic stem (ES) cells, we generated R26Notch2 mice containing a controllable Notch2 cassette in the Rosa26 locus that confers ubiquitous expression. 20 The Flag-tagged intracellular domain of Notch2 was introduced into the pBigT vector, 21 which contains PGKneo and three SV40 terminator sequences flanked by two loxP sites ( Figure 1A) . The pBigT vector containing FlagNotch2 was further inserted into a modified pRosa26-1 vector, which contains Rosa26 genomic sequences. 21 Finally, the entire fragment was introduced into murine ES cells by electroporation. Southern blotting analysis and genomic PCR confirmed the correct homologous recombination, and the resultant clones were used to generate germline chimeras and heterozygous mice ( Figure 1, B and C) . All of the heterozygous mice were apparently normal and fertile. These mice did not express FlagNotch2 (Supplementary Figure 1) , suggesting that there was no leaked expression of Notch2 in the absence of Cre recombinase activity.
Overexpression of Notch2 in Embryonic Nephron Progenitors Leads to Severe Dysgenesis
To gain insights into the roles of Notch2 in renal progenitors, we crossed R26Notch2 mice with Six2Cre mice specifically expressing Cre recombinase in renal progenitor populations in the metanephric mesenchyme (kindly provided by Dr. A.P. McMahon, Harvard University). 11 The resulting Six2Cre/ R26Notch2 mice were born at Mendelian frequency, but all of them died shortly after birth and displayed severe reductions in their kidney sizes ( Figure 2 , A and B). Histologic examination revealed that the mutant kidneys contained multiple glomerular cysts, dilated renal tubules, and thin cortexes ( Figure 2 , C and D). Some of the dilated tubules were positive for a proximal tubule marker, although it was not overproduced as observed for Notch1 activation when the same Cre line was used to ectopically express the intracellular domain of Notch1 in metanephric mesenchyme. 18 These results suggest that, unlike Notch1 activation, Notch2 activation does not drive the cell fate toward the proximal nephron but leads to severe dysgenesis.
Notch2 Overexpression Causes Nephron Progenitor Depletion
At embryonic day 14.5 (E14.5) during gestation, the mutant kidneys were already reduced in size and showed a thin cortical nephrogenic zone and poor nephron development ( Figure 3 , A and B). Immunostaining confirmed these findings. Although condensed metanephric mesenchyme (Pax2 positive/cytokeratin negative) surrounded the ureteric buds (Pax2 positive/ cytokeratin positive) in the wild-type cortex accompanied by more differentiated Pax2-positive tubules, the mutant kidneys completely lacked the cortical mesenchyme and contained only small numbers of Pax2-positive scattered tubules ( Figure  3 , C-F). Ureteric branching was also impaired, and no ureteric bud-derived epithelia were observed in the mutant cortex (Figure 3 , E and F). Consistent with these observations, the specific expression of Six2 in the nephron progenitors was significantly reduced in the mutant kidneys ( Figure 3 , G and H). Expression of Sall1, another marker for the progenitors, was also decreased in the mesenchyme, whereas its expression in the stroma was unaffected ( Figure 3 , I and J). Furthermore, Foxd1, a specific marker for the stroma, was also unaffected ( Figure 3 , K and L), reflecting the restricted activity of Cre recombinase in the mesenchyme but not in the stroma. These data suggest that Notch2 overexpression in the metanephric mesenchyme leads to nephron progenitor depletion.
Notch2 Overexpression Leads to Ectopic Wnt4 Expression and Premature Tubule Formation
During normal development at E12.5, Six2 was expressed in the dorsal (outer) domain of the mesenchyme against the ureteric buds, whereas Wnt4 was expressed in the ventral (inner) domain to play an essential role in epithelial conversion of the mesenchyme ( Figure 4 , A and C). In the Notch2-activated mutant mice, Six2 expression was reduced, and Wnt4 was detected in the mesenchyme all around the ureteric buds ( Figure 4 , B and D), indicating that Wnt4 was ectopically expressed in the dorsal domain, which could accelerate the epithelial conversion of the otherwise undifferentiated nephron progenitors. Indeed, this notion was confirmed by double staining of laminin and cytokeratin at E14.5 ( Figure 4 , E-H). In the control mice, newly formed tubules of mesenchymal origin (laminin positive/cytokeratin negative) were located in close contact with and ventral to the cortical ureteric buds (laminin positive/ mentary Figure 2 , C and D). These data indicate the occurrence of ectopic and premature epithelialization of the nephron progenitors, which could be the primary cause of the progenitor depletion. These phenotypes are very similar to those of Six2-deficient mice, 13 
Next, we investigated molecules that could be responsible for the Six2 suppression by Notch2. At E11.5, the mutant kidneys were histologically indistinguishable from the control kidneys ( Figure  5, A and B) . No significant differences in proliferation and apoptosis were observed in the mesenchyme at E11.5 (Supplementary Figure 3) . However, Six2 expression was already reduced, and the Wnt4 domain had expanded dorsally ( Figure 5 , C-F). Pax2, Eya1, and Hox11 are known to bind to the Six2 promoter and directly regulate Six2 expression. 14 Under Notch2 activation, the expression of Pax2 in the mesenchyme was reduced, whereas those of Eya1 and Hoxd11 remained unaffected ( Figure 5 , G-J, and data not shown). Gdnf, another direct target of the Pax2/Eya1/ Hox11 complex, was also decreased in the mutant kidneys ( Figure 5 , K and L), which could explain the reduced branching of the ureteric buds. In contrast, Sall1 and Wt1 were minimally affected ( Figure 5 , M-P). Quantitative RT-PCR revealed similar tendencies ( Figure 5Q ). Six2 was reduced and Wnt4 was upregulated. A slight reduction in Pax2 was also observed, despite the fact that it was also expressed in the ureteric buds. There were no significant changes in Eya1 or Hoxd11, both of which were expressed in the mesenchyme. These data suggest that Notch2-dependent Six2 suppression could be mediated by inhibition of Pax2 expression. Other possibilities are described in the Discussion section.
Canonical Notch signals are mediated by the Hes/Hesr gene family members, which suppress the target genes. 22 Among the Hes/Hesr genes reported to be expressed in the metanephric mesenchyme, 23, 24 Hesr1 and Hesr3 were dramatically upregulated under Notch2 activation, as shown by in situ hybridization at E12.5 ( Figure 6, A-D) . Although not detected by in situ hybridization at E11.5, RT-PCR analyses revealed increases in Hesr1 and Hesr3 at this stage, as well as an increase in the exogenous intracellular domain of Notch2 ( Figure 6 , E and F), the latter of which is consistent with the activation timing of Six2Cre recombinase. 11 Although the Hes1 and Hes5 promoters in the developing kidney are driven by endogenous Notch activity, 25 we did not detect significant increases in these gene expressions under Notch2 activation ( Figure 6E and data not shown). Therefore, we propose that Notch2 activates Hesr1/ Hesr3, which in turn could suppress Pax2, thereby leading to Six2 reduction and ectopic Wnt4 expression ( Figure 6G ). Alternatively, Hesr proteins may directly inhibit Six2 expression.
DISCUSSION
We have shown that Notch2 activation results in depletion of Six2-positive nephron progenitors, which could arise through premature differentiation toward renal tubules via ectopic Wnt4 activation. Six2 reduction should be a key molecular event in producing these phenotypes, because Six2Cre/R26Notch2 mice phe- nocopy Six2-deficient mice. 13 Six2 expression is regulated by the Pax2/Eya1/Hox11 complex, and among these components, Pax2 was decreased under Notch2 activation, which could reasonably explain the Six2 reduction. Gdnf is another direct target of the Pax2/Eya1/Hox11 complex, and the observed reduction in Gdnf expression under Notch2 activation further supports the decreased activity of the complex.
Canonical Notch signals are mediated by the Hes/Hesr family members, which suppress the target genes. 22 These family members either sequester positive basic helix-loop-helix transcription factors that bind to consensus sequences (E boxes) in the target promoters or actively repress the target genes by binding to different consensus sequences (N boxes or C sites) and recruiting the histone deacetylase (HDAC) complex. Among the family genes, Hesr1 and Hesr3 were upregulated under Notch2 activation. In addition, multiple potential N boxes and C sites exist in the proximal promoter of Pax2 but not in that of Hox11 (data not shown), and neither of these promoters contains E boxes. Therefore, we propose that Notch2 activates Hesr1/Hesr3, which could suppress Pax2 possibly by recruiting the HDAC complex, which in turn leads to Six2 reduction. Alternatively, Hesr proteins may directly inhibit Six2 expression, either by modulating the activity of the Pax2/Eya1/Hox11 complex or independently of the complex. It is also possible that the Notch2-mediated increase in Wnt4 secondarily affects the expression of Six2, although Hesr proteins are considered to be repressors, and Hesr-dependent Wnt4 activation has not been reported. To clarify these issues, it will be necessary to examine the binding sites of Hesr proteins and the possible interactions between Hesr proteins and the Pax2/Eya1/Hox11 complex, as well as to cross the activated Notch2 mice with Wnt4 or Hesr mutant mice.
Because Notch2 deficiency results in the absence of the proximal nephrons, endogenous Notch2 is critical for proximal nephron development, either by cell fate specification of the progenitors toward the proximal nephron or by stabilizing the proximal fate determined by other mechanisms. Although the former possibility is attractive, considering the lateral inhibition mechanisms of Notch in a variety of biologic processes, the latter is suggested because the initial proximodistal axis is still established under Notch2 deficiency, which is likely to be mediated by Lim1-dependent mechanisms. 18, 26 Our observations that Notch2 activation did not lead to proximal fate specification further support this hypothesis. In the mutant mice, Notch2 activation was observed from E11.5 and was detected in all of the mesenchyme-derived epithelia at E14.5. Nonetheless, proximal tubules were not overrepresented. In contrast, Notch1 deletion in the metanephric mesenchyme does not produce any specific phenotypes, whereas Notch1 activation causes overproduction of proximal tubules and reductions in kidney size. 18 Cheng et al. 18 suggested that Notch1 may be a weaker activator of the target promoters of Notch2, possibly owing to differences in their tertiary structures, and that the level of endogenous Notch1 could be below the threshold required to activate Notch2 targets. In their experiments, Notch1 was inserted into the Rosa26 locus, and the same Six2Cre mouse strain was used. Therefore, our data indicate that even in the overexpressed state, Notch1 and Notch2 may emit overlapping yet different signals in the nephron progenitors. However, side-by-side comparisons are required to exclude any influences of the genetic background.
Nephrons are generated from the metanephric mesenchyme by successive activation of Wnt4 and Notch2. Wnt4 is required for the mesenchymal-to-epithelial transition, whereas Notch2 plays a role in the development of the proximal nephron epithelia. 5, 27 Our observation that Notch2 activation leads to Wnt4 upregulation suggests the existence of a positive feedback loop ( Figure 6G ). Once Notch2 is activated, the feedback loop augments Wnt4 expression, which accelerates differentiation and inhibits reversion to the undifferentiated state. Therefore, we propose that Notch2 stabilizes, rather than specifies, the nephron fate by shutting down the undifferentiated progenitor program once directed toward the differentiation pathway. It is important to note that Notch functions are highly context dependent. Although our data support a molecular model of dysregulated Notch2 in nephron progenitors, different mechanisms may apply to endogenous Notch2 signaling in cells that are committed to an epithelial fate. Notch2 overexpression in these nascent epithelial cells would address this point.
For regenerative medicine, it is desirable to be able to manipulate the cell fate specification of progenitors. However, our data suggest that premature Notch2 activation in the nephron progenitors does not serve this purpose. Instead, Notch2 signals could be used to stabilize the cell fate once specified. Therefore, the timing of Notch2 activation would be critical. Delayed activation of Notch2 by crossing R26Notch2 mice with Six2CreER or Wnt4Cre mice would provide information for solving this problem, as well as augmenting our understanding of kidney development. 11 In addition, podocyte-specific Notch2 activation should be investigated, because Notch1 activation in this cell type leads to proteinuria and glomerulosclerosis. 28, 29 
CONCISE METHODS
Gene Targeting and Generation of Mutant Mice
The Notch2 fragment used for the experiment encompasses amino acids 1701 to 2470 and does not contain the transmembrane domain or S3 cleavage site but does contain the intact transactivation domain and C-terminal PEST sequences. 30 The Flag-tagged intracellular domain of Notch2 was digested with SalI and NotI and inserted into the SalI-NotI sites of pBigT, 21 a vector containing an adenovirus splice acceptor sequence followed by a PGK-neo cassette and a tpA stop sequence flanked by two loxP sites. The resulting plasmid was digested with PacI and AscI to release the entire floxed neo-tpA and Notch2 assembly, which was inserted into the PacI and AscI sites of a modified pRosa26-1 vector containing two homologous sequences to the Rosa26 locus flanking the inserted sequence. 21 The resulting plasmid was linearized and used for electroporation. E14.1 ES cells (2 ϫ 10 7 ) were electroporated with 50 g of the targeting vector and allowed to grow on neomycin-resistant mouse embryonic fibroblasts in the presence of G418 (300 g/ml). Successful targeting of 2 of 120 clones was confirmed by Southern blot analysis using genomic DNA digested with EcoRI. Primers (5Ј-AGG CGC CCG ATA GAA TAA AT-3Ј and 5Ј-ACT CTT CCC CTC CCC CTA CT-3Ј) were used to generate a 607-bp 5Ј probe (probe A; Figure 1A ), which detected a 15.6-kb band for the wild-type sequence and a 4.3-kb band for the targeted sequence. Finally, the targeted ES clones were used to generate chimeric mice at the Center for Animal Resources and Development, Kumamoto University. All animal experiments were performed in accordance with institutional guidelines and ethics review committees.
Mouse Genotyping
Mice carrying the R26Notch2 allele were genotyped with primers for Neo (forward primer Neo F, 5Ј-AAG GGA CTG GCT GCT ATT GG-3Ј and reverse primer Neo R, 5Ј-ATA TCA CGG GTA GCC AAC GC-3Ј) and Rosa26 (forward primer Rosa26 F, 5Ј-GAG TTC TCT GCT GCC TCC TG-3Ј and reverse primer Rosa26 R, 5Ј-CCG ACA AAA CCG AAA ATC TG-3Ј). Mice carrying the Cre allele were genotyped with forward primer Cre 1 (5Ј-AGG TTC GTT CAC TCA TGG A-3Ј) and reverse primer Cre 2 (5Ј-TCG ACC AGT TTA GTT ACC C-3Ј). PCR amplifications were performed under identical conditions using GoTaq DNA polymerase (Promega) with denaturation at 95°C for 5 minutes, followed by 35 cycles of 95°C for 30 seconds, 58°C for 60 seconds, and 72°C for 30 seconds, and a final extension at 72°C for 7 minutes. The PCR products were analyzed by electrophoresis in a 1.2% agarose gel and visualized by ethidium bromide staining.
In situ Hybridization and Immunostaining
Histologic examinations were performed as described previously. 9, 31 Mice were fixed in 10% formalin, embedded in paraffin, and cut into 6-m sections. In situ hybridization was performed using an automated Discovery System (Ventana) according to the manufacturer's protocols. The probes for Wnt4, 5 Eya1, 32 and Hesr1 and Hesr3 33 were described in the cited papers. Templates for other probes were generated by RT-PCR and sequenced. Immunostaining was carried out automatically using a BlueMap or DABmap kit and the automated Discovery System (Ventana) or manually for immunofluorescence staining. The following primary antibodies were used: anti-Pax2 (Covance); anti-Six2; 34 antiSall1 35, 36 (PPMX Perseus Proteomics); anti-cytokeratin (Sigma); antilaminin (Sigma); and anti-DDDDK tag (Abcam).
Quantitative RT-PCR of the E11.5 Kidney RNA was isolated from the dissected kidneys on both sides using an RNeasy Plus Micro Kit (Qiagen), and then reverse transcribed with random primers and Superscript III (Invitrogen). Quantitative PCR was carried out using a real-time PCR System (Applied Biosystems) and Thunderbird SYBR qPCR Mix (Toyobo). Two-step standard cycling conditions and sequence-specific primers were used (Supplementary Table 1 ). We analyzed the dissociation curves after each reaction to assess the specificity of the quantification. All of the samples were normalized by the ␤-actin expression using the relative standard curve method. We carried out three independent experiments, and representative data are shown.
